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Conclusion: Metabolomic profiles differ between spontaneous and infertility pregnancies, likely driven by IVF. Higher levels of steroids and their metabolites are likely due to increased hormone production from placenta reprogrammed from fertility treatments, which may contribute to adverse outcomes associated with infertility and the treatments used. (J Clin Endocrinol Metab 104: [1005] [1006] [1007] [1008] [1009] [1010] [1011] [1012] [1013] [1014] [1015] [1016] [1017] [1018] [1019] 2019) A pproximately 15% of couples experience infertility. Fertility treatments include in vitro fertilization (IVF), accounting for 1.5% of live births in the United States and non-IVF treatments (NIFTs), accounting for 4.6% (1, 2) . NIFT includes ovarian stimulation and/or intrauterine insemination, in which fertilization occurs in the reproductive tract, whereas with IVF, fertilization and embryo development occur in the laboratory. Treatments used lead to supraphysiologic levels of estrogen and progesterone, plus additional hormone supplementation is administered through early gestation to maintain the pregnancy (3, 4) . Pregnancies conceived through IVF are at increased risk of low-birth-weight, small-for-gestational-age infants; birth defects; preeclampsia; retained placenta; placenta previa; and preterm labor and delivery (5) (6) (7) (8) (9) . NIFT also leads to increased risk of placental abruption, low birth weight, and fetal loss. The diagnosis of infertility alone leads to increased risk of pregnancy complications, and even time to conception increases the risk of birth defects (6, (10) (11) (12) . It is unclear if adverse outcomes are due to the actual infertility or the treatments used. Many of the adverse outcomes are associated with placental defects, including small-for-gestational-age infants, preeclampsia, placental abruption, placenta accreta, and placenta previa, which likely develop early in gestation during placentation (13) .
Pregnancy leads to substantial changes in maternal metabolic profiles, compared with the nonpregnant state (14, 15) . These changes are a culmination of the maternal-fetal-placental unit. Lipoprotein and lipid levels are increased, with greatest elevations in levels of lipoprotein triglycerides (TAGs), which are important for placental and fetal development. During the first trimester, normal placental development is critical because it lays the foundation for normal placental function, including steroidogenesis, that can affect maternal and fetal well-being throughout gestation. Despite this critical metabolic state in early gestation, where preconception environmental influences such as the mode of conception and infertility affect pregnancy, little is known about how these variables affect metabolism early in gestation, which can have long-term implications throughout gestation. Because pregnancies conceived in couples with infertility are at increased risk of adverse outcomes, we set out to determine if the metabolomic profiles are influenced as a result of infertility as well as the treatments used.
Materials and Methods

Subject selection
Subjects were identified from the Cedars Sinai Medical Center (CSMC) Prenatal Biorepository (16) in accordance with the institutional review board's guidelines at the CSMC under Institutional Review Board Protocol Pro00006806. Between May 2008 and July 2017, 409 women were recruited to the Spontaneous/Medically Assisted/Assisted Reproductive Technology (SMAART) cohort, of whom 208 had conceived spontaneously and 201 had infertility and used fertility treatments [non in vitro fertilization treatments (NIFT), n = 90; in vitro fertilization (IVF), n = 111]. Of the 111 women who underwent IVF, 91 had fresh embryo transfers and 20 had frozen embryo transfers (FETs). Most subjects were no longer receiving any hormone supplementation. Of the 409 women, 11 who conceived spontaneously, 9 who used NIFT, and 34 who used IVF were still receiving hormone supplementation at the time of enrollment. These women were excluded in analyses where noted. All women were enrolled at the time of chorionic villus sampling, which takes place between 10 and 13 weeks of gestation. All pregnancies were genetically normal singletons that were delivered.
A subset of women from the SMAART cohort were recruited into this metabolome study: 67 who conceived spontaneously and 51 with infertility (n = 25 who used NIFT; n = 26 who used IVF). Of those who conceived with IVF, 18 had fresh embryo transfers and eight had FETs. From the SMAART cohort, a subset of 325 patients, including those recruited in the metabolome study, were recruited for the plasma hormone ELISA analysis. Of these, 161 conceived spontaneously and 164 with infertility treatment (NIFT, n = 72; IVF, n = 92).
Plasma collection
Blood was collected in Vacutainer tube (BD Biosciences, San Jose, CA) containing K2EDTA and centrifuged at 1600g for 10 minutes to separate buffy coat from plasma. Plasma was transferred to cryovial tubes, flash frozen, and stored at 280°C in the CSMC Prenatal Biorepository.
Quantification of metabolites
Biochemical profiles were determined by Metabolon, Inc. (Durham, NC), from 200 mL of plasma, as described previously (17) . Samples were prepared using the automated Microlab STAR system (Hamilton). Each sample was divided into five fractions: two for analysis by two separate reverse phase/ ultraperformance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) methods with positive ion-mode electrospray ionization (ESI), one for analysis by reverse phase /UPLC-MS/MS with negative ion-mode ESI, one for analysis by hydrophilic-interaction chromatography/UPLC-MS/MS with negative ion-mode ESI, and one was reserved for backup. Proteins and organic solvent were removed from the samples to recover chemically diverse metabolites before preparation for analysis. Quality controls included pooled matrix samples, extracted water samples as process blanks, and a cocktail of quality-control standards for monitoring instrument performance.
A total of 806 known compounds were quantified. Each metabolite was classified into one of the following super pathways: lipid, carbohydrate, amino acid, xenobiotics, nucleotide, energy, peptide, cofactors, or vitamins. A fill value of $50% in all groups was considered valid, unless otherwise noted. After log transformation with the minimum observed values for each compound and imputation of missing values, analysis of covariance contrasts were used to identify metabolites that differed significantly between the groups. Graphical representations of enriched pathways were generated in Cytoscape (18) , as implemented by Metabolon.
17-b-Estradiol and Progesterone ELISA
Plasma was thawed on ice and aliquoted in triplicates onto 96-well plates of 17-b-estradiol or progesterone ELISA kits (catalog no. ab108667, ab108670; Abcam, Cambridge, MA). Assays were performed according to the manufacturer's instructions. Both kits had low inter-and intra-assay variability, with coefficient of variation (CV) #10% (interassay) and CV #9% (intra-assay) for 17-b-estradiol ELISA kit and CV #9.3% (interassay) and CV#4% (intra-assay) for progesterone ELISA kit. Briefly, samples were aliquoted onto 17-b-estradiol or progesterone ELISA plates coated with the capture antibody. Horseradish peroxidase conjugate was added and detected with tetramethylbenzidine substrate solution. Absorbance of the sample at 450 nm was measured using CLARIOstar plate reader (BMG Labtech, Cary, NC). A standard curve was generated from mean background-subtracted absorbance of each standard of known concentration using Four Parameter Logistic fit. The sample concentrations were interpolated from the standard curve.
Statistical analysis
For demographic analyses, Student t test and ANOVA were used for continuous variables among the groups and x 2 test was used for categorical variables. Data are reported as mean 6 SD. For metabolome data analyses, unsupervised principle component analysis was applied to assess the distribution of the dataset. From principle component analysis, we deduced that body mass index (BMI) represented a potential confounding factor contributing to statistically significant differences between the groups. As a result, a least square means statistical comparison adjusting for BMI was conducted to control for this affect. Analysis of covariance was performed in ArrayStudio on log-transformed data to compare the spontaneous conception (hereafter, spontaneous), NIFT, and IVF groups, using BMI as a covariate. P , 0.05 was considered statistically significant and 0.05 , P , 0.1 was considered marginally significant. Pathway enrichment analysis was conducted within Cytoscape implemented by Metabolon to highlight important changes at the biological pathway level, using the formula:
, with k being the number of significant metabolites in the pathway; m, the number of detected metabolites in the pathway; n, the number of significant metabolites in both the study and pathway library; and, N, the total number of metabolites in both the study and pathway library. The pathway enrichment displays the amount of significantly different compounds relative to all the detected compounds in the pathway, compared with the total number of significantly different compounds relative to all the detected compounds in the study. P , 0.05 was considered significant for pathway enrichment analysis. ANOVA was used for ELISAs, with P , 0.05 considered statistically significant.
Results
Demographics
In the SMAART cohort, maternal age of women in the infertility group (i.e., IVF and NIFT groups) was statistically older than those in the spontaneous group (P = 0.019; Table 1 ). When the infertility group was separated into those who conceived with IVF and those who conceived using NIFT, the maternal age of the IVF group was statistically older than that of the spontaneous group (40 6 3.0 years vs 39 6 2.7 years; P = 0.023); however, the difference was small and likely not clinically significant ( Table 2) . Paternal age was similar between the spontaneous group and infertility group, but it was significantly older in the IVF group than in the NIFT group (42 6 9.4 years vs 39 6 6.3 years; P = 0.003). Most women were white, although the racial composition differed between the spontaneous group and infertility group (P = 0.034) and also among all three groups (P = 0.012). Overall, the paternal and fetal race and ethnicity, as well as the fetal sex were not significantly different in both comparisons. Maternal conditions at the time of chorionic villus sampling did not differ between the infertility group and spontaneous group, except the former had a higher rate of thyroid disease (20% vs 13%, respectively; P = 0.042). This difference was no longer significant when the infertility group was separated into NIFT and IVF groups. Maternal BMI was not different in both comparisons.
Comparing pregnancy outcomes, the rate of delivery by cesarean section was significantly higher in the infertility group (P , 0.001), with the higher rate in the IVF group. There was a significantly higher rate of pregnancy complications in the infertility group compared with the spontaneous group, and this was driven by the significantly higher rate of placental abnormalities, which included velamentous cord insertion, vasa previa, hemorrhage, and retained placenta (Table 1 ).
In the subset of patients in the metabolomic analyses (n = 118), differences in maternal age, maternal race, and pregnancy complications were no longer present between the spontaneous group and infertility group. Maternal BMI and rate of diabetes became significantly higher in the infertility group. When IVF and NIFT were separated, results for paternal age, maternal race, and the mode of delivery were similar to those of the SMAART cohort. The mean BMI of the spontaneous group was significantly lower than that of the IVF and NIFT groups. There was no difference in maternal conditions and pregnancy complications among the three groups.
In the subset of patients in the hormone ELISA assay (n = 325), demographics were similar to those of the SMAART cohort. Pregnancy complications, however, were no longer different. When the infertility cohort was separated into IVF and NIFT groups, the only differences seen relative to the SMAART cohort was fetal race.
Metabolomic differences among spontaneous, NIFT, and IVF pregnancies
Of 806 measured compounds from eight super pathways (namely, lipid, carbohydrate, amino acid, xenobiotics, nucleotide, energy, peptide, cofactors, and vitamins), 730 had a fill value .50% in all groups. The most differences between groups were found in the lipid superpathway, within which the greatest differences were seen in acyl choline, steroid metabolite, phospholipid (PL), and diacylglycerol (DAG) subpathways ( Fig. 1 ). Pathway enrichment analysis identified the acyl cholines and progestin steroids to be most enriched when comparing the infertility group with the spontaneous group, with increased levels in the infertility group (Fig. 1a) . When the infertility group was divided into NIFT and IVF groups, few differences were seen overall in the NIFT group vs spontaneous group or the IVF group vs NIFT group. However, there were differences between the IVF vs spontaneous groups (Fig. 1b) in the acyl cholines and progestin steroids, similar to the infertility group vs spontaneous group, suggesting that the IVF group is driving the differences in outcomes between spontaneously conceived pregnancies and those conceived with infertility treatment. In addition, within the lipid superpathway, differences in the phosphatidylinositols, phosphatidylethanolamines, and DAGs were also seen between the IVF group and spontaneous group. Pathway enrichment analysis identified xanthine metabolism, as a result of caffeine ingestion, as the only subpathway that was decreased among the infertility group compared with the spontaneous group, as well as the IVF group vs spontaneous group. 
Acyl cholines
Acyl cholines are choline conjugates of fatty acids and our understanding of their functions is still limited (19) . Levels of all seven measured acyl cholines were significantly higher in the infertility group compared with the spontaneous group (Table 3) , with an even greater difference in the IVF group compared with spontaneous group. There were no differences between the NIFT and spontaneous groups. Similar differences were seen in the IVF group vs NIFT group, suggesting that NIFT was similar to the spontaneous group, with the IVF group driving differences between the spontaneous and infertility groups.
PLs and glycerolipids, including docosahexaenoyl-containing lipids
PLs form the surface layer of lipoprotein particles, which are the major source of PLs in the plasma. Levels of several PL subpathway members were significantly increased in the infertility group compared with the spontaneous group, including phosphatidylinositols and phosphatidylethanolamines (Table 3) . More members were different in the IVF group than in the infertility group, compared with the spontaneous group. Again, there were no differences between the NIFT and spontaneous groups, and there were small differences in the IVF group vs NIFT group, suggesting that the IVF group drove differences between the spontaneous group and infertility group. Of interest, three of four phosphatidylethanolamines with significantly elevated levels in the IVF group contained a docosahexaenoyl (DHA) acyl chain (Table 3) .
DAGs are important for synthesis of TAGs. TAGs serve as the main storage of fatty acids and are within the core of lipoprotein particles [i.e., chylomicrons, low-density lipoproteins (LDLs), high-density lipoproteins (HDLs), very lowdensity lipoproteins (VLDLs)], together with cholesteryl esters in the circulation. Although there were few differences between the infertility vs spontaneous group, levels of six of eight measured DAGs were significantly higher in the IVF group compared with those of the spontaneous group (Table 3) .
In addition, levels of 1-palmitoyl-2-docosahexaenoyl-GPC (16:0/22:6), a member in the phosphatidylcholine subpathway, and 1-docosahexaenoylglycerol (22:6), a member in the monoacylglycerol subpathway, which contain a DHA acyl chain, were also significantly elevated in the infertility group, compared with the spontaneous group, again driven by IVF, because levels of these were all significantly elevated in the IVF group vs spontaneous group but not other groups. Although levels of only one polyunsaturated fatty acid, nisinate (24: 6n3), in the DHA synthesis pathway (one of 15 measured polyunsaturated fatty acids) were significantly elevated, it was among the most significantly elevated metabolites measured among the IVF group vs spontaneous group [FC (fold change) 2.07]. Levels of the majority of DHA acyl chain-containing lipids (seven of 10) were elevated in the IVF group, regardless of the subpathway, with five being present in significant pathways (Table 3) .
Steroid metabolites
Steroidogenesis is critical to support a pregnancy. During fertility treatment, steroid hormone levels increase, either endogenously from treatment or through exogenous supplementation. At approximately 7 to 9 weeks' gestation, the syncytiotrophoblast (STB) cells of the placenta become the steroid-producing cells to support the pregnancy (20, 21) and all exogenous hormone supplementation is typically discontinued (21, 22) .
Progestin steroids were one of the most enriched in pathway enrichment analysis (Fig. 1a, 1b) . Levels of five of seven measured progestin metabolites were increased in the infertility group compared with the spontaneous group. They were all increased in the IVF group compared with the spontaneous group, with few differences among the other groups (Table 4) . Compared with the spontaneous group, levels of two pregnenolone steroids, pregnenediol disulfate (FC1.36) and 17a-OH-pregnanolone glucuronide (FC1.63; spontaneous fill value 33%), were increased in the infertility group, as well as specifically in the IVF group compared with the spontaneous group. The level of estrone 3-sulfate, the only measured estrogenic steroid metabolite, was 1.76-fold higher in the IVF group compared with the spontaneous group but did not reach significance in the infertility group compared with the spontaneous group. Levels of cortisol, a glucocorticoid hormone, were higher in the infertility group and IVF group compared with the spontaneous group. Levels of the sterol metabolites 3b-OH-5-cholestenoate and campesterol were significantly lower in the infertility group compared with the spontaneous group. Levels of the androgenic steroid metabolite androsteroid monosulfate (C19H28O6S) were decreased in the infertility group compared with the spontaneous group. The metabolites in the steroidogenic pathway are summarized in Fig. 2 . Differences between the infertility group vs spontaneous group and IVF group vs spontaneous group are highlighted.
Plasma hormone validation study
To validate findings from the metabolomics study that the increased steroid metabolite levels were the result of elevated hormones in infertile patients, we assessed the concentrations of plasma 17-b-estradiol and progesterone in the spontaneous group compared with those in the infertility group. Levels of 17-b-estradiol and progesterone were significantly elevated in the infertility group compared with the spontaneous group (17-b-estradiol levels: 971 6 562 pg/mL vs 821 6 456 pg/mL, respectively, P = 0.009; progesterone: 152 6 101 ng/mL vs 111 6 71 ng/mL, respectively, P , 0.001; Fig. 3 ).
When we separated the infertility group into NIFT and IVF groups, the IVF group had significantly higher levels of 17-b-estradiol and progesterone than did the spontaneous group (Fig. 3) . The mean 17-b-estradiol level was 821 6 456 pg/mL in the spontaneous group, 879 6 552 pg/mL in the NIFT group, and 1042 6 562 pg/mL in the IVF group (for spontaneous group vs IVF group, P = 0.003), and the mean progesterone level was 111 6 71 ng/mL in the spontaneous group, 128 6 86 ng/mL in the NIFT group, and 171 6 109 ng/mL in the IVF group (P = 0.005 for the NIFT vs IVF groups; P , 0.001 for the spontaneous group vs IVF group).
When 58 women who received or possibly received hormone supplementation were removed, similar results were In the metabolome cohort, fold changes of members from subpathways of progestin steroids, pregnenolone steroids, corticosteroids, estrogenic, sterols, and androgenic steroids were shown between the following groups: infertility vs spontaneous, the IVF vs spontaneous, NIFT vs spontaneous and IVF vs NIFT. Analysis of covariance was performed, using BMI as a covariate. a Isomer.
b P , 0.05 for increased levels of metabolites.
c 0.05 , P , 0.1 for increased levels of metabolites.
d P , 0.05 for decreased levels of metabolites.
e 0.05 , P , 0.1 for decreased levels of metabolites.
found. Levels of 17-b-estradiol and progesterone were significantly elevated in the infertility group compared with the spontaneous group (17-b-estradiol: 978 6 601 pg/mL vs 822 6 447 pg/mL, respectively, P = 0.015; progesterone: 140 6 87 ng/mL vs 110 6 70 ng/mL, respectively, P = 0.002). When we separated the infertility group into NIFT and IVF groups, the IVF group had significantly higher levels of 17-b-estradiol and progesterone than the spontaneous group. The mean 17-b-estradiol level was 822 6 447 pg/mL in the spontaneous group, 923 6 570 pg/mL in the NIFT group, and 1042 6 634 pg/mL in the IVF group (for the spontaneous group vs IVF group, P = 0.024) and the mean progesterone level was 110 6 70 ng/mL in the spontaneous group, 125 6 79 ng/mL in the NIFT group, and 157 6 94 ng/mL in the IVF group (for the spontaneous group vs IVF group, P = 0.001).
Our results indicate that although heterogeneity in hormonal states within groups exists, levels of circulating 17-bestradiol and progesterone are persistently elevated in the late first trimester in mothers of pregnancies conceived with infertility treatment, which is likely driven by IVF compared with those who conceived spontaneously even after discontinuation of hormone supplementation, consistent with our metabolomics results demonstrating increased metabolites of estrogen and progesterone.
Xanthine and benzoate metabolites
Xenobiotics consist of food component/plant, clinical drug, chemical, benzoate metabolism, and xanthine metabolism subpathways. Levels of four compounds in xanthine metabolism that are also involved in caffeine metabolismnamely paraxanthine, 1,3,7-trimethylurate (40% fill value for the IVF group), 1-methylxanthine (43% fill value for the IVF group), and 5-acetylamino-6-formylamino-3-methyluracilwere significantly decreased in the infertility group. This difference was also observed when the IVF group was compared with the spontaneous group. There were significant increases in the benzoate metabolism pathway, as well as salicyluric glucuronide, a byproduct of aspirin (fill values were low: spontaneous group, 25%; IVF group, 40%; NIFT group, 27%), in the infertility group compared with the spontaneous group. These differences were partly replicated when the IVF group was compared with the spontaneous group. Table 5 lists these results.
Differences attributed to IVF treatment: fresh embryo transfer IVF vs FETs
Because differences in hormonal regimens and outcomes may be present in IVF with fresh embryo transfers (hereafter, fresh IVF) compared with FETs, additional analysis was performed using only fresh IVF, excluding FETs, to look at a more homogenous population. When FET cycles were excluded, significant differences in 17-b-estradiol levels between the spontaneous and IVF groups remained, as did significant differences in progesterone levels between the spontaneous and IVF groups, as well as between NIFT and IVF groups. Levels of 17-b-estradiol and progesterone were significantly elevated in the infertility group (NIFT plus fresh IVF) compared with the spontaneous group (17-b-estradiol: 972 6 568 pg/mL vs 821 6 456 pg/mL, respectively, P = 0.011; progesterone: 155 6 102 ng/mL vs 111 6 71 ng/mL, respectively, P , 0.001). When we separated the infertility group into NIFT and fresh IVF groups, the fresh IVF group had significantly higher levels of 17-b-estradiol and progesterone than did the spontaneous group and significantly higher levels of progesterone than did the NIFT group. The mean 17-b-estradiol level was 821 6 456 pg/mL in the spontaneous group, 879 6 552 pg/mL in the NIFT group, and 1061 6 573 pg/mL in the fresh IVF group (for the spontaneous group vs fresh IVF group, P = 0.006), and the mean progesterone level was 111 6 71 ng/mL in the spontaneous group, 128 6 86 ng/mL in the NIFT group, and 182 6 109 ng/mL in the IVF fresh group (for the Figure 2 . Model of steroid hormones and metabolites within the maternal-placental-fetal unit. Bold text indicates metabolites that were detected from maternal plasma by Metabolon; black and bold indicates metabolites that were detected but not different among groups; red indicates metabolites that were increased in both IVF and infertility groups when compared with the spontaneous group; green indicates metabolites that were downregulated in the infertility group compared with the spontaneous group; *metabolites that were increased only in the IVF group compared with spontaneous group; **increased pregnenolone sulfate (pregnenolone metabolite) in fresh IVF group compared with spontaneous group that is derived directly from pregnenolone. DHEA, dehydroepiandrosterone; DHEA-S, dehydroepiandrosterone sulfate.
spontaneous group vs fresh IVF group, P , 0.001; and for the NIFT group vs fresh IVF group, P = 0.003).
Pathway enrichment analysis again identified progestin steroids and xanthine metabolism as the most enriched when comparing the infertility and spontaneous groups. In addition, pregnenolone steroids, sterols, and fatty acid metabolism (i.e., acyl carnitine, long-chain saturated) were enriched (Fig. 4a) . When we compared fresh IVF with spontaneous conceptions, pathway enrichment analysis still identified the acyl choline, progestin steroid, and xanthine metabolism subpathways, with the addition of the pregnenolone steroid subpathway (Fig. 4b) .
Levels of five of seven measured progestin metabolites remained increased in the infertility group compared with the spontaneous group. They also remained increased in the IVF group compared with the spontaneous group, and the level of 5a-pregnan-3b,20a-diol monosulfate was also now increased (Table 6 ). Compared with the spontaneous group, levels of two pregnenolone steroids, pregnenediol disulfate (FC1.35) and 17a-OH-pregnanolone glucuronide (FC2.1), remained increased in the infertility group. In addition, pregnenediol sulfate (C21H34O5S) level was also increased (FC1.34). Levels of these three pregnenolone metabolites were also increased in the fresh IVF group compared with the spontaneous group with the addition of pregnenolone sulfate (FC1.64). Levels of estrone 3-sulfate, which were significantly higher in the IVF group than the spontaneous group (P , 0.05; FC1.76), became marginally significant (0.05 , P , 0.1; FC1.67) when only the fresh IVF group was included. Cortisol levels remained higher in the infertility group and IVF group compared with the spontaneous group. Levels of the sterol metabolites 3b-OH-5-cholestenoate and campesterol remained significantly lower in the infertility group compared with the spontaneous group and significantly lower in fresh IVF group vs the spontaneous group. b-Sitosterol levels were also significantly lower in the infertility group vs the spontaneous group. Levels of the androgenic steroid metabolite androsteroid monosulfate (C19H28O6S) remained decreased in the infertility group compared with the spontaneous group and levels of androstenediol (3b,17b) monosulfate were also now significantly decreased.
Discussion
In maternal plasma from pregnancies conceived in couples with and without infertility, we identified differences in the metabolomic profile that were largely driven by the differences between the IVF group and the spontaneous group. Specifically, there were differences in the lipid superpathway, including the acyl cholines, PLs, glycerolipids, and steroid metabolites, with increased levels in the infertility group and the IVF group, specifically, compared with the spontaneous group. Additional studies in which we looked at levels of 17-b-estradiol and progesterone validated these results. In addition, within the xenobiotics superpathway, there were increases in the level of benzoate (salicylate) metabolites in the infertility group compared with the spontaneous group, and these were largely driven by the differences between the IVF and spontaneous groups, whereas the xanthine metabolite levels were significantly decreased in the infertility group compared with the spontaneous group, again largely driven by the differences between the IVF and spontaneous groups.
Normally, throughout gestation, levels of TAGs, cholesterol (total, LDL, HDL), and PLs increase dramatically in response to estrogen stimulation and insulin resistance that contribute to hyperlipidemia and lipogenesis (14, 23) . Maternal metabolism is largely anabolic during early pregnancy and becomes catabolic as pregnancy progresses, providing the fetus with glucose and fatty acid as primary and alternative fuels, respectively (23) . The higher levels of DAGs in the IVF group compared with the spontaneous group may be in response to estrogen or perhaps higher energy requirements. Regardless, elevated levels of lipids such as TAGs in the first trimester are associated with gestational hypertension, preeclampsia, and preterm birth (24) , all of which have been associated with IVF.
In addition, in the pregnant state, cholesterol, the level of which is elevated, is available for the fetus for cell membrane development and production of steroid hormones or bile acids. As main carriers of TAGs and cholesteryl esters in the circulation, lipoproteins (i.e., chylomicrons, LDL, HDL, VLDL) have a surface layer composed of PLs that are interspersed with cholesterols and apoproteins. The hydrolysis of TAGs releases fatty acids as energy fuels, structural components, and precursors for eicosanoids. Elevated PLs in the infertility group, largely due to the IVF group, may be the result of early exposure to elevated estradiol levels from fertility treatments. These elevated PLs and TAGs in the infertility and IVF groups may be a reflection of a larger pool of cholesterol and TAGs transported to the placenta for steroid production; these were also significantly increased in the infertility and IVF groups compared with the spontaneous group.
Steroid production is critical for establishment and maintenance of a pregnancy. Early in gestation, the corpus luteum is the main source of estrogen and progesterone production until approximately 6 to 7 weeks, when the placenta starts to become the main source of hormone production to maintain the pregnancy (21) . This process requires the mother, fetus, and placenta to work as one unit, the maternal-fetal-placental unit. Cholesterol, the steroid precursor, is transported to the STBs of the placenta to produce pregnenolone, which is then converted to progesterone. Pregnenolone is also used by the fetal adrenal to produce dehydroepiandrosterone sulfate and with the use In the metabolome cohort, fold changes of members from subpathways of xanthine metabolism and benzoate metabolism are shown between the following groups: infertility vs spontaneous, the IVF vs spontaneous, NIFT vs spontaneous, and IVF vs NIFT. Analysis of covariance was performed, using BMI as a covariate. a P , 0.05 for decreased levels of metabolites.
b 0.05 , P , 0.1 for decreased levels of metabolites.
c P , 0.05 for increased levels of metabolites.
d 0.05 , P , 0.1 for increased levels of metabolites.
of the fetal liver, provides precursors for the placenta to produce estrogens, including estrone, estradiol, and estriol (25) . Our metabolomics studies identified increased levels of metabolites of pregnenolone and progesterone, 17a-OH pregnanolone glucuronide and pregnenediol disulfate, in the infertility and the IVF group compared with the spontaneous group. Elevations of steroids were validated using ELISAs. Levels of 3b-OH-5-cholestenoate, a precursor for bile acids, were decreased in the infertility group compared with the spontaneous group, suggesting that cholesterol is being shunted toward the steroidogenic pathway and not the bile acid pathway. These results suggest that the supraphysiologic hormonal state during fertility treatments and hormone supplementation is driving increased PL and glycerol lipid production, providing increased cholesterol to the placenta for hormone production, not bile acid production, to maintain these pregnancies in a high hormonal state. In addition, early elevations of estrogen from fertility treatments and supplementation may also increase cholesterol uptake in trophoblast cells (26) , stimulate the cholesterol production in fetal liver (27) , and increase the placental P450 enzyme activity (28) , all of which enhance the production of progesterone. Thus, the placenta may be reprogrammed postimplantation, ultimately leading to increased STB hormone production.
Estrogen steroids are downstream of pregnenolone and, normally, their levels are significantly elevated in pregnancy due to placental production, cooperatively between mother and fetus. In addition to increased progesterone production and metabolism in the infertility group, largely due to the IVF group, levels of the only estrogen metabolite measured, estrone 3-sulfate, also were increased in IVF, suggesting that estrogen is increased in the IVF group. This was validated in our hormone studies, with 17-b-estradiol significantly increased in the infertility group and most pronounced in the IVF group. Furthermore, the androstenedione metabolite androsteroid monosulfate was decreased in the infertility group, suggesting that androgenic precursors are being shunted toward estrogen production in pregnancies resulting from infertility treatments, working toward maintenance of an elevated estrogenic state, similar to exposure during early gestation.
Fertility treatments lead to increased estrogen and progesterone levels during implantation and early pregnancy, either due to treatment or supplementation (3, 4) . These elevated hormonal states have been associated with adverse obstetric and perinatal outcomes, including low birth weight, fetal growth restriction, preeclampsia, and abnormal placentation (4, (29) (30) (31) . Although fertility treatments and supplementation were common in the infertility group, supplementation was discontinued in our cohort, suggesting that the placenta was the main source of hormone production, and this likely was due to reprogramming as a result of exposure to a high hormonal state early in gestation. Thus, high hormonal states early in gestation may lead to placental reprogramming and subsequent development of adverse outcomes. GATA binding protein 3, a transcription factor critical in trophectoderm differentiation, is regulated by estradiol and important for trophoblast migration and invasion, which affects overall placentation (32). Mainigi et al. (33) also identified the GRB10 gene as differentially regulated by estradiol and important for placental function. Elevated progesterone levels, like elevated estradiol levels also affect placentation, which, in conjunction with estrogen, induces first-trimester trophoblast tubulogenesis through the lysophosphatidic acid pathway (34) .
Cortisol levels were significantly increased in the IVF group compared with the spontaneous group. This is likely due to maternal production, because maternal cortisol is normally three times higher in the mother compared with the fetus and the placenta expresses the enzyme 11b-hydroxylase, which inactivates cortisol to cortisone (25) . Cortisol and the hypothalamic pituitary adrenal axis have been implicated in contributing to infertility in women (35) .
There were significant increases in benzoate metabolite levels within the IVF group. This may have been due to the widespread use of low-dose aspirin in IVF (36) . The metabolites found in IVF plasma, levels of which In the metabolome cohort, fold changes of members from subpathways of progestin steroids, pregnenolone steroids, sterol, corticosteroids, and estrogenic and androgenic steroids were shown between the infertility group vs spontaneous group, and the IVF group vs spontaneous group when only data from women who underwent fresh IVF or all women who underwent IVF were used. Analysis of covariance was performed, using BMI as a covariate. a Isomer.
doi: 10.1210/jc.2018-01118 https://academic.oup.com/jcemwere significantly lower than those in the spontaneous group are metabolites involved in caffeine metabolism. The decreased levels of multiple metabolites involved in caffeine metabolism are suggestive of lower caffeine intake in women conceived with IVF. This may be due to greater preconception counseling and earlier prenatal care in women who undergo IVF (37) . When we performed analysis using only women who had undergone fresh IVF, significant differences between groups remained similar to when we included all women who had undergone IVF, suggesting little contribution from the heterogeneity of IVF treatments to the hormonal differences between the infertility group (or specifically the IVF group) and spontaneous group in our study. Similarly, metabolomic analysis with fresh IVF overall revealed similar enriched subpathways. However, certain subpathways lost significance when only the fresh IVF group was included in the IVF group for comparison, likely because of decreased sample size, because more individual metabolites lost statistical significance although the direction of change remained. As more study participants are removed, there is potentially larger variation, which may undervalue the real biological differences that exist between the IVF group and spontaneous group.
There are some limitations to our analyses. Pathway enrichment analysis was used to highlight the most representative pathways. However, it can be affected by the number of metabolites detected in each pathway. Therefore, pathway enrichment analysis results need to be interpreted with caution. In addition, we were unable to include our entire SMAART study cohort for metabolomic and hormone studies, because maternal plasma in the late first trimester was not available for all subjects. Another limitation is that we did not have infertility etiology available for our study participants. Although infertility etiology may have an impact, our intent was to determine the effect of fertility treatments independent of underlying infertility etiology. Additional studies will be necessary to look at the impact of infertility etiology on outcomes.
In conclusion, in this study, we looked at metabolomic profile differences in women who conceived with infertility treatment; specifically, we compared conceptions via NIFT vs IVF and compared these with spontaneous conceptions. We found that levels of many members of the lipid superpathway are elevated in infertility, largely driven by IVF. This may be in response to estrogen stimulation early in gestation, due to underlying treatment. This, in turn, leads to increased cholesterol for steroid hormone production by the STBs of the placenta, with shunting away from bile acid production. In addition, this early estrogen exposure may increase cholesterol uptake in trophoblast cells (26) , which leads to increased hormone production by the placenta. Thus, the placenta may be reprogrammed postimplantation, leading to increased STB hormone production to maintain these pregnancies in a high hormonal state, which has been validated with our hormone studies. The elevation in steroids leads to dysfunction in trophoblast cells, thus these elevated states may be contributors to adverse outcomes associated with infertility and the treatments used. Further mechanistic and additional population-based studies are necessary to determine the exact mechanisms leading to these outcomes.
